The polymorphism of racemic imidazol-1ylsuccinic acid derivatives, a series of compounds previously used as extracellular pH probes for NMR spectroscopy, is investigated by crystallization in different solvents. The mono-ester, (±)-3-(ethoxycarbonyl)-2-(imidazol-1-yl) propionic acid, shows two different polymorphs when recrystallized in absolute ethanol (Form I) or water (Form II), respectively. These two forms have been characterized by optical microscopy, powder X-ray diffraction analysis, and thermogravimetry. Polymorphs I and II can also be distinguished by solid state CP-MAS 13 C NMR spectroscopy.
Introduction
The ability of a substance to exist in different forms is known as polymorphism. Polymorphs of a specific compound are chemically identical, but differ with respect to their physical properties, such as density, crystal habit, spectra, melting point, solubility, etc. In a classic paper by Haleblian and McCrone, polymorphism was defined as the ability of any compound to crystallize as more than one distinct crystal species. 1 However, in physical pharmacy the word 'polymorphism' is often used nowadays to cover a variety of solid forms of active pharmaceutical ingredients (APIs) and excipients including crystalline, amorphous, and also solvate/hydrate forms. Polymorphism of drug substances has been the subject of intensive research for many years. The knowledge of the physical properties and polymorphism of the drug is essential for the successful development of a new medicine. 2 Presently, solid form screening is a standard procedure in drug development, but it was not until the last decades of the 20th century that the whole pharmaceutical industry became aware of the importance of polymorphism, even though the phenomenon had been known since the early 19 th century. 3 We have previously described that imidazol-1yl succinic acid derivatives are excellent probes for the measurement of extracellular pH. 4 Racemic compounds 1-4 are easily prepared by imidazole addition to diethyl fumarate and subsequent hydrolysis (Scheme 1). (±)-Di-ester 1 was previously resolved by enantioselective inclusion methodology. 5 Racemization of the resolved di-ester was easy in biological media. Scheme 1. Syntheses of (±)-imidazol-1-ylsuccinic acid derivatives (±)-1-4.
Results and Discussion
Neutral hydrolysis of di-ester (±)-1 yields a mixture of mono-ester (±)-2 and di-acid (±)-3 easily separated by recrystallization in absolute ethanol. Mono-ester (±)-2 melts to 144-145 ºC. Crystal packing of racemic compound (±)-2 was previously determined 6 by X-ray diffraction analysis revealing that it exists in zwitterion form in the solid state. Proton from carboxylic oxygen migrates to the N3 imidazole ring forming the zwitterion. Besides, there are some interactions between neighbouring chains. Moreover, compound (±)-2 was further linked into antiparallel pairs through ring interactions (distance between centroids of 3.52 Å) and by a short contact between the centroid and the aliphatic chain. These features clearly indicate that compound (±)-2 is a pure racemic species. We consider this crystalline compound as Form I.
In absence of theoretical methods to predict how atoms are arranged in a molecule and how molecules pack into a crystal, 7 we started a systematic study of crystallization 8 of compound (±)-2. Thus, Form I was dissolved in hot absolute ethanol and crystallized in different solvent mixtures giving different types of crystalline polymorphs with different melting points (Table 1) . Furthermore, recrystallization in plain water produces crystalline compound (±)-2 with a molecule of water included. The presence of the water molecule in the crystal was confirmed by elemental analysis (see experimental) and thermometric analysis. We consider this polymorph as Form II.
Optical microscopic analysis
Crystal shapes and melting points of the different polymorphs of compounds (±)-2 and (±)-4 were determined on a hot stage microscope and the data are depicted in Tables 1 and 2 . Melting point values are compared with those obtained by calorimetric (DSC) determination. Di-sodium salt (±)-4 crystallizes as microcrystals from water which decompose above 264 ºC (Table 2) . Recrystallization from different mixtures of water and protic and aprotic solvents did not yield different crystalline species. These results prompt us to study their decomposition in detail by DSC and TG showing four decomposition temperatures. Figure 2 . A very wide endothermic peak evolving a heat of 103 kJ/mol is observed in the 60-125 ºC range. This peak can be associated with the reorganization of the molecular structure, probably due to the breaking of both the zwitterions interactions between the molecules of mono-esters and the ring interactions between neighboring chains. The peak corresponding to the melting process is centered at 145 ºC. Finally, in the 160-260 ºC range the decomposition of compound (±)-2 occurs, leading to a carbonous residue of around 13 wt%. The TG and DSC curves of Form II are depicted in Figure 3 . The TG curve is very similar to that of Form I, with the exception of the mass loss of ca. 3 % observed in the 60-100 ºC, which can be assigned to the removing of the molecules of water of crystallization (approximately 0.3 mols of water by mol of compound (±)-2, which is in agreement with the results obtained by elemental analysis. The process of reorganization of the molecular structure overlaps with that of water removing, therefore the heat evolved (497 kJ/mol) in the endothermic peak centered at 79 ºC being ca. 5 times higher than that observed for compound crystallized from ethanol. Thermogravimetry (TG) curves of compound (±)-4 recrystallized from different solvent mixtures depict four different decomposition intervals (Figure 4 ). Analyzing the curve from (±)-4 recrystallized from water () we can observe that the decomposition start at the interval 51-167 ºC. The melting point described in Table 2 corresponds into the second decomposition interval 203-293 ºC. Further decomposition corresponds to the last two intervals at 293-341 and 341-500 ºC. Similar behaviors are observed in the case of the microcrystals obtained from the other solvent mixtures.
Powder X-Ray Diffraction (PXRD)
The X-ray diffraction patterns of Form I dissolved in ethanol and crystallized with different protic and aprotic solvents are depicted in Figure 5 . The diffractograms show similar diffraction lines, differing only in their intensities, suggesting a different degree of crystallinity but also from the packing differences. Furthermore, it appears a peak with a strong intensity around 12 degrees in the first three compounds from the top might crystallize in one packing arrangement while the rest adopt a different system. Interestingly, in the case of propanol and benzene mixtures, clearly profile splitting is noticed in the 20 deg and 12 deg peaks, respectively. This should undoubtedly suggest the formation of another crystalline arrangement or a conformational polymorphism. Comparison of X-ray diffraction pattern of Form I and that from Form II is depicted in Figure 6 . Clearly, the crystalline structures obtained in both cases are different, as deduced by the presence of new diffraction lines centered at 2 = 9 and 11.5 º in the diffractogram of the compound recrystallized in water and the absence of the diffraction line at 2 = 13 º. On this basis, it can be deduced that two different polymorphs of compound (±)-2 are obtained, depending on the solvent, ethanol or water, used in the recrystallization.  ARKAT USA, Inc. 
C NMR study
Forms I and II were also analyzed by 13 C NMR spectroscopy in D2O solution and in the solid state. As it can be observed in Table 3 both forms I and II show the same chemical shift in solution. However, when spectra were acquired by Cross Polarization Magic Angle Spinning (CPMAS) solid techniques different chemical shifts were observed for the C2, C4, and C5 imidazolic carbon atoms, indicating a different crystalline arrangement. (Table 3 and Figure 7 ). 
Conclusions
Racemic mono-ester (±)-2, (±)-3-(ethoxycarbonyl)-2-(imidazol-1-yl)propionic acid, shows two different polymorphs when recrystallized in absolute ethanol (Form I) or water (Form II), respectively. Both forms have been unambiguously characterized by optical microscopy and powder X-ray diffractometry showing two different crystalline patterns. The presence of these two forms was also assessed by thermogravimetry (TG) and differential scanning calorimetry (DSC). Small differences can be observed in the solid state by CP-MAS 13 C NMR on the chemical shifts of the imidazolic carbons atoms. However, thermogravimetry (TG) curves of microcrystals from compound (±)-4 depict four different decomposition intervals and no stable polymorphs were isolated. Taken together, we can conclude that, in the absence of single crystal X-ray diffraction, the best techniques to identify the polymorphs investigated here are the combination of optical microscopy and powder X-ray diffractometric analysis. The differences in bioavailability of the two polymorphs (Forms I and II) may be important for an agent used in NMR imaging will be investigated in the future.  ARKAT USA, Inc.
Experimental Section
General. Elemental analyses were performed with a Perkin-Elmer 24000 apparatus NMR spectra were recorded with a Bruker Avance III Plus (400.13 MHz for 1 H, 100.61 MHz for 13 C). Products were purchased from commercial sources and were used without additional purification. Compounds (±)-1-(±)-4 were prepared according literature procedures. 
Recrystallization method
Compounds (±)-2 or (±)-4 were dissolved in hot absolute ethanol or distilled water and subsequent crystallization with the corresponding solvent and cooling. The resulting crystals were filtered off under vacuum and dried in a desiccator at 60 ºC.
Optical microscopy
Optical microscopy studies were carried out on a Hot Stage on a Leica Galen III model microscope with crossed polarized light and a Zeiss Axiophot light microscope.
Thermal analysis (TG-DSC)
Thermal analysis was carried out using a Seiko SSC 5200 TG-TA 320 System. Samples of compounds (±)-2 (about 20 mg) were heated in nitrogen from 30 up to 125 ºC (flow rate = 50 mL·min −1 ) with a heating rate of 10 ºC·min −1 , soaked at this temperature for 3 min, then heated up to 160 ºC at a heating rate of 0.5 ºC·min -1 and finally from 160 up to 400 ºC at a heating rate of 10 ºC·min −1 .
Powder X-Ray diffraction data
The X-ray powder diffraction patterns between 5 and 50 º of 2θ were obtained using a Seifert C-3000 diffractometer with filtered Cu-K radiation operated at 40 kV and 30 mA, over nonoriented powder samples.
C NMR measurements

13
C in D2O are given from external DMSO-d6, with an accuracy of  0.1 ppm for 13 C.
C Crosspolarization magic angle spinning (CP-MAS) NMR spectra were obtained at 100.61 MHz. Spectra were acquired using a 1 H 90 ° pulse with 5.40 µs, a Hartmann-Hahn contact time of 1.5 ms (tppm15, sequence used for decoupling), a data acquisition time 42 ms. The powder sample was packed in 4-mm zirconia rotor which was spun at 4kHz. 1 H-13 C cross-polarization pulse sequence (cp.av) is used. Acquisition Data: 128 scans, ds 0, TD 1676, sweep width in Hz 23980, spectral width 240 ppm, d1 = 5s recycle delay, lb applied 50. Also in we performed the 1 H-13 C cross-polarization pulse sequence with sidebands suppression (cptoss.av sequence) in IEPA sample.
